Thirty-three patients with coronary artery disease (CAD) and 13 subjects without demonstrable cardiac disease were studied with multigated equilibrium blood pool imaging to assess the diagnostic value of exercise-induced alterations in left ventricular (LV) volumes, segmental wall motion, ejection fraction (LVEF), and the end-systolic pressure-volume relationship. In subjects without cardiac disease, left ventricular end-diastolic volume (LVEDV) was 102 ± 7.2 ml (SEM) at rest and 125 ± 9.7 ml at peak exercise (PEx) (p < 0.001). Left ventricular end-systolic volume (LVESV) was 35 ± 3.0 ml at rest and 29 ± 3.4 ml at PEx (p < 0.01). LVEF increased from 0.72 ± 0.02 at rest to 0.82 0.02 at PEx (p < 0.001). The nine patients with one-vessel CAD also had an increase in LVEDV (p < 0.001) and LVEF (p < 0.02) at PEx, but no significant change in LVESV. The 24 patients with significant twoor three-vessel CAD had increases in both LVEDV (169 ± 13.2 ml to 195 ± 13.7 ml, p < 0.001) and LVESV (86 ± 12.0 ml to 102 ± 12.0 ml, p < 0.01) at PEx and a decrease in LVEF (0.56 ± 0.03 to 0.52 ± 0.03, p < 0.05). The relationship between cuff-determined peak systolic blood pressure and LVESV index (P/V index) was used to further characterize alterations in LV function at rest and during PEx. In subjects without cardiac disease, this index rose substantially during PEx (7.6 ± 0.73 at rest vs 14.9 ± 1.78 with PEx, p < 0.001). This change was less dramatic in those with one-vessel disease and absent in patients with twoor three-vessel disease (4.2 ± 0.60 at rest vs 3.9 ± 0.50 at PEx, NS). The change in LVESV alone was different in each group. We conclude that the assessment of exercise-induced alterations in LVESV and the P/V index is useful for evaluating LV dysfunction associated with angiographically important coronary artery disease.
SUMMARY Thirty-three patients with coronary artery disease (CAD) and 13 subjects without demonstrable cardiac disease were studied with multigated equilibrium blood pool imaging to assess the diagnostic value of exercise-induced alterations in left ventricular (LV) volumes, segmental wall motion, ejection fraction (LVEF), and the end-systolic pressure-volume relationship. In subjects without cardiac disease, left ventricular end-diastolic volume (LVEDV) was 102 ± 7.2 ml (SEM) at rest and 125 ± 9.7 ml at peak exercise (PEx) (p < 0.001). Left ventricular end-systolic volume (LVESV) was 35 ± 3.0 ml at rest and 29 ± 3.4 ml at PEx (p < 0.01). LVEF increased from 0.72 ± 0.02 at rest to 0.82 0.02 at PEx (p < 0.001). The nine patients with one-vessel CAD also had an increase in LVEDV (p < 0.001) and LVEF (p < 0.02) at PEx, but no significant change in LVESV. The 24 patients with significant twoor three-vessel CAD had increases in both LVEDV (169 ± 13.2 ml to 195 ± 13.7 ml, p < 0.001) and LVESV (86 ± 12.0 ml to 102 ± 12.0 ml, p < 0.01) at PEx and a decrease in LVEF (0.56 ± 0.03 to 0.52 ± 0.03, p < 0.05). The relationship between cuff-determined peak systolic blood pressure and LVESV index (P/V index) was used to further characterize alterations in LV function at rest and during PEx. In subjects without cardiac disease, this index rose substantially during PEx (7.6 ± 0.73 at rest vs 14.9 ± 1.78 with PEx, p < 0.001). This change was less dramatic in those with one-vessel disease and absent in patients with twoor three-vessel disease (4.2 ± 0.60 at rest vs 3.9 ± 0.50 at PEx, NS). The change in LVESV alone was different in each group. We conclude that the assessment of exercise-induced alterations in LVESV and the P/V index is useful for evaluating LV dysfunction associated with angiographically important coronary artery disease. ALTERATIONS in left ventricular (LV) volumes during dynamic exercise have been the subject of numerous investigations. Some investigators have noted no change or a decrease in left ventricular enddiastolic volume (LVEDV) during exercise,'-6 whereas others have found an increase.712 In most studies, left ventricular end-systolic volume (LVESV) has been shown to decrease during exercise in subjects without underlying myocardial disease. 2 8 13, 14 Compared with normal subjects, less emphasis has been placed on the characterization of changes in LV volume during exercise in patients with cardiac disease and, specifically, in those with important coronary artery disease (CAD). Using angiographic methods, certain investigators have found increases in LVEDV and LVESV during exercise-induced angina in patients with CAD.5' 1' Presumably, increases in LVESV during exercise in patients with important CAD may represent alterations in the LV contractile state secondary to ischemic dysfunction. In addition to LV volume studies, others have shown that the contractile state of the LV may be assessed from the slope of the instantaneous pressurevolume (P/V) relationship and that this measurement is relatively independent of afterload and affected minimally by preload. '6-18 Human studies have shown that the more easily obtainable ratio between peak LV systolic pressure and LVESV is a sensitive detector of global ventricular dysfunction.'9 However, clinical application of this index has been limited because invasive hemodynamic and angiographic methods are necessary for its determination. Because of the technical difficulties of exercise angiography, the effect of exercise on this index has not been investigated. Echocardiographic dimension measurements and noninvasive pressure determinations have been substituted successfully in subjects without demonstrable cardiac disease.20 Recently, we described and validated a noninvasive scintigraphic method for determining LV volumes.21 22 This technique, which is independent of geometric assumptions and has no effect on LV function or peripheral resistance, may be performed repeatedly both at rest and exercise.
The purposes of the present study were to use the newly developed scintigraphic techniques to characterize exercise-induced changes in LV volumes in subjects without demonstrable cardiac disease and in selected patients with angiographically important CAD; to characterize the P/V relationships at rest and during exercise in these patients; and to evaluate the sensitivity of alterations in the LVESV and the 1008 P/V relationship for the detection of exercise-induced LV dysfunction in patients with angiographically important CAD.
Materials and Methods

Patient Population
Forty-six subjects were studied with rest and stress multigated equilibrium blood pool imaging. The patients were divided into three groups. Group A (normal subjects) was composed of 13 patients (10 males and three females), mean age of 34.2 years (range 24-51 years). Seven of the 13 were normal healthy volunteers, ages 24-27 years, who had no known illness and were taking no medications. They had normal resting and stress ECGs as well as normal physical examinations, and did not undergo cardiac catheterization. The other six patients in this group had cardiac catheterization and coronary arteriography to evaluate atypical chest pain and were found to have no angiographic evidence of coronary artery disease. All these subjects had normal resting and stress ECGs, although in four the exercise tolerance tests were terminated by fatigue before achievement of the maximal age-predicted heart rate. Two had systemic arterial hypertension that was controlled with diuretics.
The remaining patients had coronary arteriography for evaluation of angina pectoris and were found to have angiographically important coronary stenoses in at least one major vessel. The coronary obstructions were all . 70% luminal diameter narrowing, except in one patient with a well-localized . 60% stenosis of the left anterior descending coronary artery (LAD). Group B (one-vessel CAD) consisted of nine patients (six males and three females) with a mean age of 50.1 years (range 35-68 years): three had isolated disease of the LAD distal to the first septal perforator branch, three had isolated right coronary artery (RCA) disease, and the remaining three had significant narrowing of left circumflex marginal vessels.
Group C (two-and three-vessel CAD) was composed of 24 patients (20 males and four females) with a mean age of 52.6 years (range 26-73 years). In this group, four patients had significant narrowing of two vessels, 18 had significant narrowing of three vessels, and two had stenoses of the left main coronary artery.
In the 33 patients with angiographically important CAD, 18 had had a myocardial infarction (two in group B, 16 in group C). Nine patients were taking propranolol (two in group B, seven in group C), seven were taking digoxin (all in group C), and 19 were taking long-acting nitrates (three in group B, 16 in group C) at the time of their exercise tolerance tests. Nitrates were withheld for 4 hours before the exercise tolerance test, but propranolol and digoxin were continued. No patient had angina pectoris during the preceding 4 hours.
Exercise Test Protocol
The patients exercised in the supine position on a bicycle ergometer (Engineering Dynamics Cor-poration).23 25 Resting and exercise ECGs were monitored by the Frank lead system. Blood pressure was monitored at rest and at each level of exercise with a programmed electrosphygmomanometer (PE-300, E & M Instrument Co.). Graded exercise was performed in the fasting state beginning at either 150 or 300 kilopond-meters (kpm). Exercise continued with additional increments of 150 kpm until one of the following end points was reached: angina, incapacitating fatigue or dyspnea, complex ventricular arrhythmias, attainment of 85% of the maximal age-predicted heart rate, or an ST-segment change of 2 mm or more compared with the resting ECG in the absence of chest pain. Criteria for significant STsegment depression were a horizontal or downsloping ST segment . 1 mm 0.08 second after the J point in any lead that showed a normal morphology at rest. Exercise ECGs obtained in the presence of digoxin, ventricular hypertrophy, or bundle branch block were not considered diagnostic for myocardial ischemia. Patients who developed angina or ST-segment changes during exercise were allowed to complete the current work level, if tolerated, to allow the completion of scintigraphic data collection.
Radionuclide Techniques and Imaging Protocol
Multigated equilibrium blood pool imaging was performed after in vivo labeling of red blood cells with 30 mCi of technetium-99m sodium pertechnetate according to the technique described previously.21' 23 26 Data were collected with a standard gamma scintillation camera (Ohio Nuclear Series 100) equipped with an all-purpose, parallel-hole collimator and interfaced with a dedicated on-line computer system (Ohio Nuclear VIP-450). Resting equilibrium gated blood pool scintigrams were obtained in multiple projections, including a 350 left anterior oblique projection modified to include a 15°caudad angulation of the collimator surface. Although this projection frequently separates the right and left ventricles, the angle of obliquity was always adjusted to allow the clearest separation between the ventricles and minimize the interventricular septal thickness. Resting studies were acquired for (1) a preselected time interval (5-8 minutes), (2) 28 frames per cardiac cycle, and (3) 90-100% of the cardiac cycle. This resulted in a minimum of 150,000 counts per frame of the study.
Before the exercise study, each subject's legs were elevated into the bicycle pedals, and after allowing 2 minutes for equilibration, an additional resting scintigram was obtained to assess the effect of leg elevation alone on left ventricular function. These and all subsequent exercise scintigrams were acquired for a preselected time interval (3 minutes), 24 frames per cardiac cycle, and 90-100% of the cardiac cycle. This provided a minimum of 100,000 counts per frame at peak exercise. Exercise imaging was performed at each work load, beginning at 150 kpm and continuing until the termination of the test. At the beginning of the first and each subsequent work load, the subject exercised for 1 minute before beginning the 3-minute 1009 imaging period, which allowed the heart rate to reach a new higher level and allowed uninterrupted gating. During the data acquisition, heart rate did not vary by more than 10% of the value recorded at the start of the acquisition period.
Calculation of Scintigraphic LVEF and LV Volumes
LVEFs were determined from the time-activity curve of the LV by constructing a region of interest (ROI) over the left ventricle in the frames corresponding to end-diastole and end-systole. The number of counts within the ROI was used to calculate the LVEF using the formula:
where ED counts are background-corrected enddiastolic counts and ES counts are backgroundcorrected end-systolic counts. This method correlates well with results obtained by contrast ventriculography. 21, 23, 27 LV volumes were estimated by a totally nongeometric technique recently developed and validated in our laboratory.21 22 Similar methods have been used by others to calculate LV volumes.28 In brief, the enddiastolic and end-systolic frames were isolated from the multiframe gated study and used for further processing. Correction for background activity was performed using a linear interpolated backgroundsubtraction technique that provided a highly reproducible and objective assessment of background activity. 22 We constructed a ROI over the left ventricle at end-systole and end-diastole, and attempted to exclude all left atrial activity and adhere to consistent criteria for the definition of the left ventricular borders. Because consistency is crucial to the construction of the LV ROI, all LV volume calculations were performed by the same observer. The LV ROI was constructed twice for both end-diastolic and endsystolic images, and the average number of counts from these two determinations was used in the final calculation of LV volume. A variation in the number of counts between the first and second determination of greater than 15% was considered unacceptable, and the process was repeated until acceptable count determinations were obtained. Scintigraphic estimates of LV volumes were calculated from the activity of the left ventricle normalized for the activity per milliliter of peripheral venous blood and corrected for the acquisition time per frame and decay of the radioisotope. The following equation was used for the scintigraphic estimation of LV volumes:
Background-corrected LV counts % cycle acquired X Ttota # frames gated Peripheral blood activity X e-At where e-t is the general equation for isotope decay (= = 0.693/isotope half life), and Ttotal is the total acquisition time of the study. Because of chest wall attenuation, the scintigraphic estimates of LV volumes are consistently smaller than the angiographic ones. Hence, a regression equation was determined (angiographic volume = 4.98 X scintigraphic volume estimate + 6.91), and the results of the volume determinations were expressed in terms of the regressed angiographic volume estimate. Because the y-intercept of the regression equation is not zero, back calculation of LVEFs from the scintigraphically determined volumes differs slightly from the count-derived EFs that are reported. Using this method, we and others have found an excellent correlation (r = 0.95) between scintigraphic and angiographic LV volume measurements.
A subjective analysis of left ventricular segmental wall motion was performed by two experienced observers and the consensus of their evaluations was used for analysis. The left ventricle was divided into five segments ( fig. 1 ), and each segment was graded according to the following scale: 3 = normokinesis, 2 = mild hypokinesis, 1 = severe hypokinesis, 0 = akinesis, and -1 = dyskinesis. Further breakdown of this grading scheme was allowed; hence, a score of 1.5 would indicate LV segmental wall motion between mild and severe hypokinesis. In comparing resting and exercise wall motion scores, a change of 1.0 or more in the point score was considered meaningful.
Statistical analysis of the changes in volumes and LVEFs during exercise in individuals was performed with the paired t test. Analysis of the differences between groups of patients was accomplished using a one-way analysis of variance and multiple range test. All results are reported as mean ± SEM and are considered significant at p < 0.05 (two-tailed test).
Results
Exercise-induced Alterations in LV Volumes and LVEF Group A. Normal Subjects (n = 13)
The peak work load performed by this group was 808 ± 109 kpm (table 1). Estimated LVEDV averaged 102 ± 7.2 ml at rest and increased during peak exercise to 125 ± 9.7 ml (p < 0.001). LVESV decreased during peak exercise, from a resting value of 35 ± 3.0 ml to 29 ± 3.4 ml (p < 0.01). LVEF was 0.72 ± 0.02 at rest and increased to 0.82 ± 0.02 during exercise (p < 0.001). Therefore, with exercise, LVEDV increased 22 ± 4.0%, LVESV decreased 18 ± 4.4%, and LVEF increased 14 ± 2.1% above the resting values ( fig. 2 ). Group B. One-vessel CAD (n = 9)
The mean peak work load performed by this group was 383 ± 67 kpm (table 2) . LVEDV increased during exercise, from 118 ± 9.6 ml at rest to 132 ± 9.8 ml at peak exercise (p < 0.001). LVESV was 44 ± 7.1 ml at rest and 34 ± 3.3 ml during peak exercise (NS), while LVEF increased during exercise, from 0.68 ± 0.04 at rest to 0.78 ± 0.02 at peak exercise (p < 0.02). Thus, during peak exercise, LVEDV increased 13 ± 2.6%, LVEF increased 17 6.0%, and LVESV did not change significantly ( fig. 3 ).
Group C: Twoor Three-vessel CAD (n = 24)
The mean peak work load achieved by these patients was 256 ± 33 kpm (table 3) . LVEDV was 169 ± 13.2 ml at rest and increased during peak exercise to 195 13.8 ml (p < 0.001). LVESV increased from 86 + 12.0 ml at rest to 102 12.0 ml during peak exercise (p < 0.01). LVEF was 0.56 ± 0.03 at rest and decreased to 0.52 + 0.03 during peak exercise (p < 0.05). Thus, compared with the resting value, LVEDV increased 18 ± 4.0% and LVESV increased 30 + 6.3% with exercise, whereas LVEF decreased 7 + 3.5% ( fig. 4 ).
Exercise-induced Alterations in the P/V Index The ratio of peak LV systolic pressure to LVESV has been shown to be a sensitive detector of LV disease. 19 At rest, subjects without cardiac disease have ratios that are significantly higher than those in patients with various forms of cardiac disease. Further, because EF is preload-dependent,'8 29 30 this ratio may detect more subtle alterations in LV function. Therefore, to adapt the concept of the P/V ratio to the noninvasive methods used in this study, the cuffdetermined peak systolic blood pressure was substituted for direct measurements of LV pressure. Thus, the P/V index was calculated as cuff-determined systolic blood pressure scintigraphic LVESV index
The results of this analysis are displayed in figure 5 . In group A, the P/V index was 7.6 ± 0.73 at rest and increased to 14.9 ± 1.78 during exercise (p < 0.001). The P/V index in group B was 7.0 ± 1.22 at rest and increased to 10.6 1.19 at peak exercise (p < 0.05). In group C, two important differences in the P/V index were noted. First, the resting P/V index of 4.2 ± 0.06 was lower than the resting values in the other groups (p < 0.05). Second, the relative change in the P/V index during peak exercise was markedly blunted; specifically, the P/V index did not change with exercise in this group, whereas it increased in the other groups (p < 0.05). Similarly, the change in LVESV during exercise, irrespective of simultaneous alterations in systolic pressure, was significantly different in those with twoor three-vessel CAD. Specifically, LVESV increased 30 ± 6.3% at peak exercise in this group, whereas it decreased or did not change in patients in groups A and B, respectively. If the P/V index is a sensitive indicator of LV dysfunction, the administration of positive or negative inotropic drugs may cause alterations in addition to those caused by ischemia. Further, severe abnormalities of resting LV function could also alter this relationship. Therefore, to avoid any effect of these factors, a subgroup of patients with CAD was reanalyzed and compared with the subjects without demonstrable cardiac disease. This subgroup consisted of patients who were receiving neither digoxin nor propranolol and had normal resting LV function, defined as a LVEF 0.50. Similar findings were present in this selected group and are depicted in figure 6 . Again, the resting P/V index was significantly lower in patients with twoor three-vessel disease (7.6 ± 0.73 in group A vs 4.8 ± 0.60 in group C, p < 0.05), even though all patients had normal resting LVEF. In addition, the relative change in the P/V index during peak exercise was blunted in group C patients and different from that in subjects without demonstrable cardiac disease (p < 0.05). The resting values of the P/V index and LVEF correlated well (r = 0.93), but the relationship is nonlinear ( fig. 7 ). From this relationship, it is apparent that there is a wide variation in the P/V index values within the range of normal LVEFs.
Sensitivity of Alterations in LVESV and the P/V Index
Rest and stress multigated blood pool imaging allow the assessment of exercise-induced myocardial 3 . In patients with one-vessel disease (group B, n = 9), left ventricular enddiastolic volume (L VEDV) and ejection fraction (L VEF) increased significantly from rest to peak exercise (PEX), while left ventricular end-systolic volume (L VESV) did not change. LVESV or the P/V index. For this comparison, the following responses during exercise were considered abnormal: (1) failure of the LVEF to increase by at least 0.05 (2) new or increasing hypokinesis (a change of . 1 in the wall motion grading system), (3) an increase in LVESV of > 5% between rest and exercise or between sequential work loads, and (4) an increase in the P/V index less than 35%. Although the proper response of LVEF during exercise has been delineated, 12 24, 25, 31 it is difficult on the basis of this study to define the normal exercise response of the P/V index and LVESV. Hence, we arbitrarily chose criteria that would exclude false-positive responses in the normal subjects. Further evaluation will help to clarify the normal response.
The results of these comparisons are listed in table 4. In all the groups analyzed (one-vessel, two-or three-vessel, or the combined group of all CAD), the sensitivity of the P/V index was equal to or slightly better than the sensitivity of the LVEF, wall motion, or ECG criteria. Although the number of patients with one-vessel disease was small, the P/V index appeared substantially more sensitive in this group: five of nine patients had evidence of exercise-induced LV dysfunction. Both patients in this group with high-grade (> 75%) and proximal LAD stenosis had an abnormal response of the P/V index similar to that seen in twoor three-vessel disease. If alterations in the ECG, LVEF, and wall motion are considered together in the total population with CAD, the overall sensitivity of the procedure was 0.82. The sensitivity increased to 0.91 when the P/V index was added to these other measurements (30 of 33 patients). All 24 patients in the group with two-or three-vessel disease had some abnormality of LV function that could be taken as evidence of important exercise-induced ischemia (sensitivity = 1 .0).
Discussion
In this study, we characterized and compared the alterations in LV volumes that occur during supine dynamic exercise in patients without demonstrable cardiac disease and in those with angiographically important CAD. These changes in LV volumes have been measured during rest and exercise with multigated blood pool imaging using a new method.2' 22 28 Use of angiographic, epicardial clip and M-mode echocardiographic techniques to study LV volume alterations during exercise may cause technical difficulties. For example, repetitive angiography may result in alterations in ventricular function,32' 33 as well as changes in the peripheral vascular bed.34'35 M_ mode echocardiographic studies measure only ED and ES dimensions, and extrapolation of these measurements to actual volume changes requires certain assumptions. Further, accurate echocardiographic measurements are difficult to obtain during exercise, and segmental wall motion abnormalities may make volume estimations invalid.31 Gated blood pool imaging, however, has a unique advantage: LV volumes and ejection fraction can be assessed without altering ventricular function, and measurements may be made independent of geometric assumptions." 21 22, 28 There is variability in the published data regarding the changes in LVEDV that occur with exercise as well as uncertainty regarding the role of the Frank-Starling mechanism during supine exercise. Several studies in subjects without cardiac disease have shown decreases in LVEDV or LV end-diastolic dimensions during exercise, 5 6 whereas others have shown either no *:0 VOL 63, No 5, MAY 1981 change' or an increase in these variables.2 5 11 Animal studies also yield varying results.8 '0 LVESV or LV end-systolic dimension has been found to decrease during exercise in most studies in normal humans and animals. 2-9, 12-14, 37 Our data in 13 normal subjects and 33 patients with angiographically important CAD show that LVEDV increases during supine dynamic exercise. Using a nongeometric radionuclide technique, Slutsky et al. 28 found that LVEDV did not change during supine exercise, but these determinations were not corrected for isotope decay and may underestimate actual volume changes. The determination of LVEDV by radionuclide methods requires a separation of the left ventricle from the right ventricle and left atrium. Although clear separation between the ventricles usually can be accomplished, separation of the left atrium from the left ventricle can be difficult, especially in the end-diastolic image. In our study, we used a modified 350 left anterior oblique projection for the LV volume determinations. 21 22 This projection helps to minimize the overlap between the left atrium and left ventricle. We followed strict criteria for the delineation of the mitral valve plane to avoid inadvertently including left atrial counts within the LV ROI. With this approach, reliable volume determinations can be obtained in most adults.21 22 Although LVEDV showed similar responses to exercise in the patient groups we studied, important differences were found in the responses of LVESV, P/V index, and LVEF. Patients with twoor threevessel CAD developed changes in these variables that were significantly different from those in subjects without demonstrable cardiac disease. Exerciseinduced changes in LVEF' 23-25, 31, 37 and LVESV5 37 in patients with CAD have been demonstrated previously and are similar to our data. However, alterations in the P/V relationship, especially with exercise, have not been reported previously.
The concept of an instantaneous ventricular P/V relationship is based on the work of Suga, Sagawa, and co-workers. '8-18 In the isolated dog heart, they showed that the slope of the P/V plot is linear despite alterations in preload and afterload. They further suggested that the maximal value of the slope during systole can be used as an index of ventricular contractility. The linearity and load-independence of this relationship in humans has been confirmed by the angiographic studies of Grossman et al. 38 and has been evaluated noninvasively by Marsh et al.20 In these studies, afterload was altered while the contractile state of the LV was assumed to be constant. Our study is different in several respects. First, we used a P/V relationship by substituting noninvasive measurements of systolic pressure and volume. Although our radionuclide and angiographic measurements of volume correlate well, there are obvious limitations in the use of a cuff-determined systolic pressure. Peripheral vascular or LV outflow obstruction could result in substantial deviations between arterial and LV pressure determinations. Second, the P/V index we describe is not equivalent to the slope of the actual P/V plot. Because the P/V relationship is linear, the measurement of the slope requires determination of two points on the line or, alternatively, a point on the line and the volume-axis intercept. Our P/V index characterizes only one point on this line. In the canine model, alteration of the inotropic state does not change the volume-axis intercept;'7 however, this has not been validated in man. Nevertheless, Nivatpumin et al.'9 showed that the simple ratio of LV peak systolic pressure to LVESV is a sensitive indicator of LV disease. In contrast to EF, this relationship remains relatively independent of loading conditions, providing a different assessment of LV performance. Our measurements of the P/V index show that in subjects without cardiac disease, the P/V index increases markedly during exercise. This change was less dramatic but still apparent in patients with one-vessel disease but absent in those with important twoor three-vessel disease. Moreover, the change in LVESV alone, irrespective of simultaneous alterations in systolic blood pressure, was different in the group with twoor three-vessel disease. The importance of the LVESV measurement has been suggested by others'9 38 and may minimize some of the problems inherent in the use of cuff-determined systolic pressures.
The changes in the P/V index were similar in a subset of patients who had normal resting LVEFs and were not receiving medications that could affect global LV performance. Despite a normal LVEF, the resting P/V index was significantly lower in patients with twoor three-vessel disease. This behavior can possibly be explained by the relationship between the resting LVEF and P/V index. We and others'9 have demonstrated that this is a curvilinear relationship with relatively large variations in P/V ratio within the range of normal LVEFs. Thus, it would appear that the P/V index may be especially valuable in patients with more subtle abnormalities of LV function. Our data in patients with one-vessel disease are of interest. Based on our preliminary experience in these selected patients, an increase less than 35% in the P/V index with exercise represents an abnormal response. Utilizing this criterion, the P/V index is substantially better than the other measures tested for the detection of LV dysfunction in these patients. However, continued evaluation of this index may subsequently suggest a different absolute designation for an abnormal response to exercise.
The P/V index determinations may also be valuable in detecting LV dysfunction in patients with myocardial abnormalities other than those caused by ischemic heart disease. In other myocardial disease states, marked alterations in afterload, preload, or both may occur, and routine measurements of LV function (i.e., LVEF) may not adequately reflect intrinsic alterations in ventricular performance. For example, afterload reduction therapy in patients with severe LV dysfunction may result in an improved LVEF due to enhanced 1016 CIRCULATION P/V ALTERATIONS AND CAD/Dehmer et al.
ventricular emptying without altering intrinsic myocardial contractility. Similarly, patients with important mitral insufficiency may maintain a "normal" LVEF by an increase in preload from the regurgitant volume and a decrease in afterload from regurgitation into the low-impedance left atrium during systole. 39 In this circumstance, the P/V index might be a better measure of global LV performance.
In conclusion, multigated equilibrium blood pool imaging can be used to assess alterations in LV volumes and the P/V index during exercise. Our data suggest the operation of a Frank-Starling mechanism during supine exercise. In addition, the determination of changes in LVESV and the P/V index helps enhance the sensitivity of multigated blood pool imaging for the detection of exercise-induced abnormalities of LV function, especially in patients with one-vessel CAD, and allows an assessment of the functional importance of coronary artery stenoses.
